The new solution for the Polish geodetic primary GNSS network was created to verify the currently used reference frame (PL-ETRF2000). The new solution is based on more GNSS data (more daily observation sessions included, a longer data timespan, GLONASS observations added) which were processed in a newer reference frame (IGb08) according to up-to-date methodology and using the latest version of Bernese GNSS Software. The new long-term solution (spanning 3.7 years) was aligned to the IGb08 reference frame using a minimum constraints approach. We categorized Polish reference stations into two categories according to their data length. We obtained good agreement of the new solution with the PL-
Introduction
For over 20 years the national reference frame in Poland has been expressed in the European Terrestrial Reference System 89 (ETRS89). The first national GPS campaign whose solution was expressed in the ETRS89 was conducted in 1992 (Zielinski et al., 1994) . This solution was accepted in 1994 by the EUREF Technical Working Group (TWG) as a class B standard for campaign solutions (1 cm accuracy at the epoch of observation). The solution included 11 Polish points and was further used as a reference for two densification GPS campaigns (conducted in 1994 and 1995) during which additional 348 passive ground points were established and measured (Jaworski and Swiatek, 2012) . On the basis of these three campaigns the first GPS-based nation-wide reference frame for Poland, EUREF-89, was created.
In 2008, a network of about 100 permanent GNSS reference stations called ASG-EUPOS (Active Geodetic Network -European Position Determination System) was established by the Polish Head Office of Geodesy and Cartography (GUGiK). Nowadays, ASG-EUPOS is the primary national geodetic network in Poland and is maintained by GUGiK. The first official reference frame for ASG-EUPOS, named PL-ETRF2000, was adopted by GUGiK in 2013. The PL-ETRF2000 solution was created by the Warsaw University of Technology (Liwosz et al., 2011; Liwosz and Rogowski, 2012) . The solution is based on GPS observations collected during two meausurement campaigns (66 days) conducted in 2008 and 2010/2011 . We would like to point out that one of the main purposes of conducting these campaigns was to provide a link between the ASG-EUPOS network and EUREF-89, and the 66 days mentioned correspond to the days during which EUREF-89 passive ground points were observed. GPS observations from the two campaigns were processed within the IGS05 framework (based on ITRF2005) using Bernese GPS Software 5.0 (Dach et al., 2007) . The final long-term solution was expressed in ETRF2000 at the epoch 2011.0 and adopted as PL-ETRF2000. The PL-ETRF2000 was presented to the EUREF TWG with a request for validation, but because it was computed in the old reference frame (ITRF2005) it was not accepted.
Because of the introduction of the new ITRF2008 (Altamimi et al., 2010) and the IGS08 (and its IGb08 update) framework (Rebischung et al., 2011) and due to the need for validaton of a Polish solution by the EUREF TWG, GUGiK have decided to prepare a new solution for the ASG-EUPOS network. Other reasons were that, since the introduction of the PL-ETRF2000, the equipment on 29 ASG-EUPOS stations has been changed (which may lead to coordinate changes), and 6 new stations have been installed which were not included in the PL-ETRF2000. This new long-term solution has been prepared by WUT and GUGiK. We have reprocessed continuous observations collected at ASG-EUPOS stations spanning 3.7 years (2012.3-2015.0) according to the latest developments in processing strategy for GNSS networks, using the latest version (5.2) of Bernese GNSS Software (Dach et al., 2015) . In addition, we used GLONASS observations which were not included in previous analyses for the creation of PL-ETRF2000. We tested different variants for reference frame alignment of the long term solution to the IGb08 reference frame. In the new solution, we also divided ASG-EUPOS stations into two categories in terms of their data timespan and quality. The new solution was presented to the EUREF TWG as the "EUREF Poland 2015" campaign for its validation as an extension of ETRS89. The new solution was accepted by the TWG in Leipzig in 2015 as a class A solution (1 cm accuracy for positions and 1 mm/year for velocities at all epochs) according to EUREF standards (Bruyninx et al., 2013) .
In this paper, we describe the new realization of ETRF2000 for the Polish national geodetic network, ASG-EUPOS, and we compare the new solution with the currently adopted geodetic reference frame in Poland (PL-ETRF2000). 
Campaign configuration
The campaign network included 134 permanent GNSS reference stations (Figure 1 ). The network consisted of 91 Polish densification sites ( Figure 2 ) and 43 EPN sites evenly distributed within and around the country of Poland (including Polish EPN sites).
From the list of 43 EPN stations, only 40 of them were regarded by EUREF as class A stations (Kenyeres, 2010) in terms of their accuracy according to EPN guidelines (Bruyninx et al., 2013) . These 40 EPN stations were used for the reference frame definition in our solutions (daily and long-term). Before selecting the EPN reference stations, the quality of their position time series (data gaps, scatter of residuals, significant seasonal signals) was inspected visually by means of plots from the EPN webpage (www.epncb.oma.be/ _productservices/timeseries/).
The remaining three EPN stations (BPDL, KRAW, and GLSV), categorized as class B, were included in the processing, but were not used for a reference frame definition. We included two Polish sites: BPDL and KRAW because they were part of the densification area. The classification of the third station (GLSV, Ukraine), was changed by EUREF from class A to B after we started data processing, but for the sake of completeness we decided to retain GLSV in the next phases of GNSS data processing.
The campaign lasted for 3.7 years, between 17 April 2011 (GPS week 1632/0, DOY 107/2011) and 31 December 2014 (GPS week 1825 /3, DOY 365/2014 . This means in total 193.6 GPS weeks -1355 daily sessions. The observation sessions were considered to start at 00:00:00 and end at 23:59:30 (GPS time). All densification stations were observed permanently and almost all stations (92% of non-EPN sites) were observed during the whole period of the campaign. All densification sites are rooftop-type with a typical mounting based on an aluminium post attached to stable parts of the building. The equipment of densification sites was not homogeneous in terms of the satellite system; only 50% of stations were capable of tracking not only GPS, but also GLONASS satellites. Nevertheless, during the GNSS data processing we also used GLONASS observations if they were available. Observations from other GNSS's were not considered.
GNSS data processing
GNSS observations collected at 134 GNSS stations were processed using Bernese GNSS Software version 5.2 (Dach et al., 2007) . The processing was conducted according to the most recent guidelines for GNSS data analysis used by the EPN Local Analysis Centres (EPN LAC, 2013) and taking into account the guidelines for EUREF densification campaigns (Bruyninx et al., 2013) .
During processing of GNSS observations, satellite orbits, satellite clocks and Earth rotation parameters were used from the International GNSS Service (IGS). Receiver clock corrections were computed using GPS code measurements. Then single differences were created between pairs of stations yielding an independent set of baselines for each daily session. Baselines were created using an algorithm which maximizes the number of common single difference observations over all baselines in the network, and the creation of baselines up to 200 km was prefered. Observations of each baseline were screened using triple differences for data cleaning, searched for carrier-phase cycle slips, and new ambiguities were set up. The ambiguities were resolved for GPS and GLONASS observations on a baseline-by-baseline basis. Three strategies, depending on baseline length, were used:
• direct ambiguity resolution on L 1 and L 2 using the SIGMA method for baselines shorter than 20 km
• a two-step L 5 /L 3 approach was used utilizing the SIGMA method for baseline lengths between 20 and 200 km. Unresolved ambiguities were also attempted to be resolved using the QIF method
• a two-step L 6 /L 3 approach was used utilizing the SIGMA method (L 6 denotes MelbourneWübbena code and phase linear combination) for baseline lengths between 200 and 2000 km. Unresolved ambiguities were also attempted to be resolved using the QIF method. On average, it was possible to resolve 83% of GPS ambiguities, and 63% of GLONASS ambiguities. The mean ambiguity resolution rate in daily sessions for GPS and GLONASS satellites is presented in Figure 2 .
After resolving the ambiguities separately for each baseline, a network solution was computed; the previously resolved ambiguities were introduced to the observation system. In the network solution tropospheric parameters, i.e., zenith delays and horizontal gradients, were also estimated. Zenith tropospheric delays were estimated at one-hour intervals for each station, while horizontal gradients were estimated at 24-hour intervals. As a result of performing the network solutions, daily normal equations were created which were further used for computing the final long-term solution. The daily solutions were aligned to the EUREF cumulative solution by applying no-net-translation minimum constraint conditions to the coordinates (extrapolated to the mean epoch of a session) of 40 EPN reference stations. More details on processing strategy are given in Table 1 
Long-term solution
The long-term solution was obtained by stacking all the daily normal equations from the period 2011.3-2015.0 using the ADDNEQ2 program of Bernese GNSS Software. Because of the long data span of observations (3.7 years), in addition to station coordinates, velocities were also estimated. The long-term solution was aligned to the IGb08 reference frame, represented by the EPN cumulative solution (Kenyeres , 2010) , using the minimum constraints (MC) approach. We tested three different MC conditions applied to the resulting long-term solution and its rate: (1) only no-net translation (NNT) conditions were applied (solution P1), (2) NNT and no-net scale (NNS) conditions were applied (solution P2), and (3) NNT, NNS, and no-net rotation (NNR) conditions were applied (solution P3). The alignment to the IGb08 was done by means of the coordinates and velocities of 40 EPN class A reference stations. The EPN cumulative solution used in this work included data up to and including GPS week 1815 (named C1815).
As a result of daily normal equations stacking, we obtained for each solution variant: station coordinates at the mean epoch of observations (2013.14), station velocities, and time series of position residuals between the daily solutions and the combined solution. In the next step, the station position time series were inspected for discontinuities and outliers. Discontinuities in GNSS position time series are common and may occur for various reasons, e.g., due to GNSS antenna changes. If uncorrected, the discontinuities may lead to incorrect estimates of station positions and velocities. In general, the discontinuities were detected visually by inspecting the station position time series plots. However, for EPN stations, we applied a priori the same discontinuities that were used for the creation of the C1815 EUREF cumulative solution. If necessary, additional discontinuities for EPN stations were introduced after GPS week 1815 (we used data up to and including GPS week 1825, and the period 1815-1825 was not taken into account in the C1815 solution). If a discontinuity was noticed in station position time series at some epoch, additional coordinates and velocities were estimated for the station after the discontinuity epoch. However, station velocities before and after the discontinuity were tightly constrained to the same value (with σ = 10 −3 mm/y). The time series of position residuals between each daily solution and the combined solution were also inspected for outliers. Position residuals were identified as outliers if they were larger than 10 mm in north or east components, or 20 mm in vertical components.
The quality of EPN reference stations was checked by inspecting residuals of Helmert transformation between the EPN cumulative solution and our solution variants at three epochs: at the beginning, in the middle, and at the end of used data. Due to these discontinuities, we used 52 solutions (i.e. coordinates and velocities) for 40 EPN reference stations for the reference frame definition in our solution variants. Stations (solutions) were accepted as a reference if coordinate differences at all epochs did not exceed 4 mm horizontally and 5 mm vertically. In all 3 variants (P1,P2, and P3) we accepted 49 solutions for the reference frame definition, while 3 solutions were rejected (solutions for BISK, CFRM, and CPAR). According to EUREF guidelines for densification campaigns (Bruyninx et al., 2013) , up to 10 mm difference is allowed for accepting EPN stations as a reference; in our variants, the 10 mm threshold was exceeded in two cases (BISK and CFRM). Table 2 shows that slightly better agreement between estimated coordinates and the reference solution was obtained for the P1 solution (only NNT conditions applied). Table 2 also shows the transformation parameters between each solution variant and the combined solution at three epochs which should ideally be all zero. The maximum absolute differences between estimated velocities and the C1815 reference velocities did not exceed 0.8 mm/y for horizontal velocities, or 2.0 mm/y for vertical velocities. The comparison of velocities shows good agreement with the EUREF cumulative solution, and differences for all stations were below the 3 mm/y threshold for accepting stations as a reference according to EUREF guidelines (Bruyninx et al., 2013 ). RMS's of velocity differences between three solution variants and cumulative solutions for accepted reference stations agreed at the 0.1 mm/y level (Table 3) . Comparisons of the coordinates and velocities obtained in three variants (P1, P2, P3) with respect to the EPN cumulative solution, showed small differences. In the densification area, coordinates of solutions P2 and P3 agreed with coordinates of the P1 solution at the 0.1 mm level horizontally and at the 0.2 mm level vertically; velocities agreed at the 0.1 mm/y level. Since we obtained slightly better agreement of coordinates with the EPN C1815 solution for the P1 variant (Table 2 ) and comparable agreement of velocities for all three variants (Table 3) (Altamimi et al., 2002) . The repeatability for each of these 10 stations is presented in Figure 4 (bottom right).
In Table 4 , we present mean position changes due to the discontinuities (expressed in the local frame of each station) for Polish EPN and densification sites obtained in the final P1 solution. The maximum (absolute) value for the north component is −6.4 mm for station NODW, 7.5 mm for the east component for TRNW station, and 22.8 mm for the vertical component for BYDG EPN station. For the EPN sites the height changes are in the range of −3.9 mm to 22.8 mm. Significant height changes (7.4-22.8 mm) were observed for stations BYDG, GWWL, LODZ, REDZ, USDL, and ZYWI where Trimble NetR5 GNSS receivers and TRM55971.00_TZGD antennas were changed to Trimble NetR9 GNSS receivers and TRM59900.00_SCIS antennas. It should be noted that, both the previously installed antennas (TRM55971.00_TZGD) as well as new antennas (TRM59900.00_SCIS) were calibrated individually. In the case of WROC EPN station (height change: −3.9 mm) the Leica GRX1200GGPRO GNSS receiver and LEIAT504GG_LEIS antenna (type-mean calibration) was changed to a Leica GR25 GNSS receiver and a LEIAR25.R4_LEIT antenna (individual calibration). For densification ASG stations, both old and new receiver/antenna sets were not uniform. The equipment change for these stations involved changes of GPS-only to GNSS receivers (Trimble NetR5, Trimble NetR9, or Leica GR10) and in most cases type-mean calibrated antennas were replaced by individually-calibrated antennas. The final long-term coordinates and velocities expressed in IGb08 from the P1 solution were transformed to the ETRF2000 using a 14-parameter transformation model (Boucher and Altamimi, 2011) . For the 91 stations, for which velocities were estimated, transformation parameters were computed at the mean epoch of the campaign, i.e., 2013.14. For the 10 stations with short observation time span, transformation parameters were computed at the epoch of the minimum position variance of each station.
Horizontal and vertical velocities of solution P1 and EPN cumulative solution C1815 (for comparison) expressed in ETRF2000 are presented in Figure 5 . Residuals of EPN reference stations for coordinates did not exceed 3.5 mm horizontally and 4 mm vertically. For velocities, residuals did not exceed 0.7 mm/y horizontally and 2 mm/y vertically (Figure 6 ).
Comparison with Polish national reference frame -PL-ETRF2000
The results from the current campaign were compared to the Polish national reference frame, called PL-ETRF2000. PL-ETRF2000 is based on GPS observations collected at ASG- during which EUREF-89 passive ground points were also observed. GPS observations from the two campaigns were processed in the IGS05 framework (reference frame, satellite orbits and antenna parameters) using Bernese GPS Software 5.0 (Dach et al., 2007) . The longterm solution was aligned to the EUREF cumulative solution C1600, which was the EPN densification of the ITRF2005. The long term solution was expressed at the epoch of 2011.0 and transformed to the ETRF2000, which finally formed the PL-ETRF2000. The RMSs of position residuals of the long-term coordinates (at the mean campaign's epoch) with respect to the EUREF cumulative solution (C1600) were: 0.8 mm for the north component, 0.7 mm for the east component, and 2.1 mm for the vertical component, and the RMS of transformation was 1.4 mm. However, at the 2011.0 epoch the RMSs were slightly worse: 1.2 mm for north, 1.1 for east, 2.6 mm for vertical component. A slightly better alignment to Table 2 ). Differences in velocities cannot be compared reliably because in the old solution estimated velocities were constrained to the reference velocities of the cumulative solution.
The comparison of the two solutions was performed by using only stations working on the same equipment sets in both old and new campaigns. We perfomed two comparisons:
• The first one, presented on The comparisons presented show a good agreement of both solutions. Differences for datasets expressed at common epoch 2011.0, using newly estimated velocities (Figure 7) , show a small but noticeable shift, which is mainly due to the difference between IGS05 and IGb08 reference frames. Differences after transformation (Figure 8 ) for a few sites show noticeable shifts in random directions. Nevertheless, presented differences are considered as negligible in terms of the stability of coordinates of the reference stations; the maximum position differences are at a level of 5 mm for the horizontal and 10 mm for the vertical component for both comparisons. Transformation parameters and short statistical summaries are presented in Table 5 and 6 respectively. For the 27 sites for which the antenna changes occured, the differences between the old and new solutions may be greater (Table 7) . For EPN sites, the height changes are in Tab. 5. Transformation parameters between the new solution and the PL-ETRF2000 at epoch 2011.0. Transformation parameters were computed using 95 stations the range of −2.5 mm to 26.9 mm. For ASG densification sites, the level of height changes varies between −14 to 14 mm. It should also be noted that significant position changes (several millimeters) occured for horizontal components as well (maximal change −5.6 mm for TRNW). For station NODW, for which the reason of the discontinuity is unknown (Table 4) , the north component changed by −9.1 mm.
Conclusions
The new solution for the ASG-EUPOS network was created by WUT and GUGiK to verify the currently-used reference frame (PL-ETRF2000) for the Polish national geodetic primary network. The new solution (1) is based on more GNSS data (more daily observation sessions included, GLONASS observations included, a longer data timespan), (2) was computed in a newer IGS framework (IGb08) using the latest version of Bernese GNSS software, and an up-to-date processing strategy, (3) takes into account the discontinuities in station positions which occured after the introduction of the currently-adopted reference frame, and (4) includes 6 new ASG-EUPOS stations, which were installed between 2011.5-2015.0, and therefore were not included in PL-ETRF2000.
The new solution showed good agreement with the currently-adopted reference frame (PL-ETR2000). For most stations the coordinate differences did not exceed 5 mm for the horizontal and 10 mm for the vertical component. However, for the 30 ASG-EUPOS stations, some discontinuities in positions were observed, which occured after the introduction of PL-ETRF2000. They were mostly caused (with one exception) by GNSS antenna replacements. Significant height differences (10 to 26.9 mm) were observed even for stations at which individually-calibrated antennas were replaced by individually-calibrated antennas as well. We propose to update the existing reference frame (PL-ETRF2000) for the Polish geodetic primary network with the new solution described in this paper. The update of PL-ETRF2000 is especially necessary for stations at which GNSS equipment was changed, and for new stations which were not included in the currently-adopted solution. Because the new solution is based on more GNSS data which were processed in the newer reference frame and according to the latest standards, it can also be regarded as a more accurate and consistent solution than the PL-ETRF2000 (e.g., better agreement with EUREF cumulative solution was obtained). It should be noted that the new solution was presented to the EUREF Technical Working Group as the Polish 2015 EUREF densification campaign and was accepted as a class A solution according to EUREF standards (Resolution No. 2 of the EUREF Symposium 2015 held in Lipsk, Germany).
